The evolution of carbon onion structure from spherical to polyhedral is correlated with changes in the sp 3 /sp 2 ratio as a function of increasing synthesis temperature using electron energy loss spectroscopy, high resolution electron microscopy and scanning electron microscopy. Results, which are obtained using asymmetric f-variance and symmetric Gaussian deconvolution of electron energy loss spectrum, are compared. The possibility of a separate peak at 287 eV is also discussed.
INTRODUCTION
Multi-shell fullerenes, or carbon onions, are under investigation as a nano-property enabled solid lubricant. The potential applications for a carbon onion-based lubricant range from an environmentally benign option for wind power to a vacuum lubricant [1] for solar panel deployment in space. These uses of carbon onions depend on both their individual properties such as mechanical strength, and their interaction properties. When carbon onions are applied as a thin lubricating film, their stiction, rolling, and sliding interactions, with each other and with the wear surfaces govern their ultimate usefulness, in addition to their individual mechanical load-bearing characteristics.
Carbon onion physical structures are known to vary with synthesis temperature. Several authors have reported the structural evolution from spherical to polyhedral multi-shells as a function of increasing synthesis temperature [2, 3] . It has been generally assumed that the structural evolution is accompanied by a change in the sp 3 /sp 2 ratio, since a reduction in potential sp 3 defect sites, which are visible as broken shells in high-resolution electron microscopy (HRTEM) images, is observed. However, broken shells may also terminate in amorphous carbon networks that are more sp 2 than sp 3 , while individual sp 3 point defects could be very hard to detect based on HRTEM images alone. Accurate knowledge of a systematic evolution of the sp 3 /sp 2 ratio is important for the synthesis of carbon onions for an optimum lubricating film, especially at the nano-scale, since sp 2 carbons interact principally through p-electron overlap, while sp 3 carbons exhibit local dangling bond sites. In the present investigations, electron energy loss spectroscopy (EELS) is used as a sensitive measure to quantitatively determine the sp 3 /sp 2 ratio of a series of carbon onion samples grown at increasing synthesis temperatures of 1700 C. This temperature series exhibits the spherical to polyhedral structural transition, as determined using HRTEM. Additionally, scanning electron microscopy (SEM) was used to characterize synthesis uniformity of carbon onions at the micron level.
EXPERIMENTAL DETAILS

Preparation of samples
Carbon onions were prepared from crystalline diamond nanoparticles having an average diameter of 5 nm. The diamond nanoparticles were heated in inert ambience in infrared gold image furnace. A graphite holder filled with 10 mg of diamond nanoparticles was placed inside the furnace, which was evacuated to approximately 1.3 Pa with a rotary pump; and slowly heated in argon gas flow at 1.5×10 5 Pa to 1700°C, 2000°C and 2300°C, respectively. The furnace temperature was held for one minute and then gradually cooled to room temperature in argon flow.
Carbon onion samples were suspended in ethyl alcohol and dispersed onto carbon lacey film 200 mesh copper grids. Large holes in the lacey film were utilized to ensure that EELS spectra contained only carbon onions.
Analytical techniques
EELS experiments were performed using an integrated Omega filter in a JEOL 2200FS. The energy resolution was around 1.5 eV, evaluated using the full width half max (FWHM) of the zero loss peak. EELS spectra were first corrected for instrument background and plural scattering using Gatan analysis software. The corrected spectra were then investigated using deconvolution based on asymmetric f variance area and symmetric Gaussian area fits (Peak Fit™ by SigmaPlot, version 4.12).
HRTEM experiments were performed in the same JEOL 2200FS at 200 kV. The HRTEM was used to correlate the EELS bond hybridization results with the carbon onion spherical to polyhedral structural changes.
SEM experiments were performed using a Hitachi S-4700II Field Emission Scanning Electron Microscope operated at 15 kV. SEM was used to assess synthesis uniformity, and identify unstable growth parameter regimes within the temperature series. No evidence for a nanodiamond core was observed in any carbon onions; therefore HRTEM images also indicated that the nanodiamond starting material had been completely converted into the innermost carbon onion layers. The structural transition for these samples is shown in figure  1 (a-c) . Investigating the hybridized chemical bonding of all carbon onion samples revealed two major edges of sp 2 carbon in the EELS spectra. The first edge of the carbon K-edge spectra corresponds to the 1s to 2π* transition at 284.7 eV, and the second prominent edge corresponds to the 1s to 2σ* transition at 292.0 eV. Figure 2 (a) shows a typical EELS spectra for carbon onions prepared at 1700 o C with the major edges identified. For a purely sp 2 material, the ratio of the integrated areas, which is given by equation (1), is close to 0.333 based on the energy density of states. * * (1) This value is taken as the ratio reference (R) for the carbon onion (CO) sp 3 /sp 2 ratio that is estimated as: * / * * / * (2) Deconvolution must be used to identify and evaluate the integrated areas that correspond to the carbon onion 1s to 2π* and 1s to 2σ* transitions. In the present work, we experiment with using an asymmetric f-variance fit, to reproduce the characteristics of the leading edge, which is a delta function symmetrically broadened by the energy resolution of the instrument, and the higher energy states, which are the asymmetric contributions from all available energy levels in the energy density of states [4] . The results of 2-peak fitting by asymmetric f-variance deconvolution are shown in Table I . A typical deconvolution for carbon onions prepared at 1700 o C is shown in figure 2 (b) . All samples had a coefficient of determination (CoD) of 0.97 or above using the 2-peak asymmetric fit. Analysis of sp 3 /sp 2 ratio in the literature is typically based on symmetric Gaussian deconvolution of the EELS spectra. A question has arisen over the need for a separate feature at about 287 eV in addition to the known 1s to 2*and 1s to 2* transitions at 284.7 eV and 292.0 eV. The interpretation of such a 287 eV feature, as due to a C-H contribution [5] or to several possible molecular sp 2 contributions [6] , is also under discussion. Therefore, in this work, we have investigated (a) whether inclusion of a 287 eV feature is required in a 2-peak fit by Gaussian deconvolution and (b) whether inclusion of a 287 eV feature in a 3-peak fit by Gaussian deconvolution produces a good fit, identified as a high CoD.
The results of 2-peak fitting by symmetric Gaussian deconvolution are shown in Table II . In at least one instance (row identified with bold border), a 3-peak fit that included a peak at about 287 eV was required to obtain a 0.989 CoD The results of 3-peak fitting by symmetric Gaussian deconvolution with inclusion of a third feature at 287 eV are shown in Table III . All samples had CoD of 0.97 or above using the 3-peak asymmetric fit. A typical deconvolution for carbon onions prepared at 1700 o C is shown in figure 3 . 
DISCUSSION
The EELS spectra of the carbon onion samples showed an increase in the sp 3 C carbon onions. Therefore, synthesis uniformity should be considered in analysis of the sp 3 /sp 2 ratio based on EELS. In the present work, we use an asymmetric f-variance fit, to reproduce the characteristics of the leading edge, which is a delta function symmetrically broadened by the energy resolution of the instrument, and the higher energy states, which are the asymmetric contributions from all available energy levels in the energy density of states. The results of 2-peak fitting by asymmetric f-variance deconvolution produced fits with CoDs of 0.97 or above (typically above) for all samples. 2-peak fitting by symmetric Gaussian deconvolution required an additional feature at 287 eV for at least one sample, and 3-peak fitting by symmetric Gaussian deconvolution with inclusion of a 287 eV feature produced fits with CoDs of 0.97 or above for all samples.
CONCLUSIONS
The evolution of carbon onion structure from spherical to polyhedral is correlated with changes in the sp 3 /sp 2 ratio as a function of increasing synthesis temperature using electron energy loss spectroscopy, high resolution electron microscopy and scanning electron microscopy. High CoD fits were obtained without inclusion of a separate peak at 287 eV using asymmetric f-variance deconvolution of electron energy loss spectra.
